Background Partial meniscectomy is one of the most commonly performed orthopaedic procedures for a meniscus tear. Decreased contact area and increased contact pressure have been seen in partial meniscectomies from treatment of various types of meniscal tears; however, the biomechanical effect of a horizontal cleavage tear in the lateral meniscus and subsequent treatment are unknown. Questions/purposes This study asked whether a horizontal cleavage tear of the lateral meniscus, resecting the inferior leaf, and further resecting the superior leaf would (1) decrease contact area and (2) increase peak contact pressure. Methods Eleven fresh-frozen human cadaveric knees were evaluated under five conditions of intact meniscus, horizontal cleavage tear, inferior leaf resection, and resection of the inferior and superior leaves of the lateral meniscus. Tibiofemoral contact area and pressure were measured at 0°and 60°knee flexion under an 800-N load, normalized to that at the intact condition of the corresponding knee flexion, and compared across the five previously described conditions. Results At 0°knee flexion, normalized contact area with inferior leaf resection (65.4% 6 14.1%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than horizontal cleavage tear (94.1% 6 5.8%, p = 0.001) contact area; and smaller than repaired horizontal tear (92.8% 6 8.2%, p = 0.001) contact area. Normalized contact area with further superior leaf resection (50.5% 6 7.3%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than horizontal cleavage tear (94.1% 6 5.8%, p < 0.001) contact area; and smaller than repaired horizontal tear (92.8% 6 8.2%, p < 0.001) contact area. At 60°flexion, normalized contact area with inferior leaf resection (76.1% 6 14.8%) was smaller than that at the intact condition (100% 6 0.0%, p = 0.004); smaller than horizontal cleavage tear (101.8% 6 7.2%, p = 0.006) contact area; and smaller than repaired horizontal tear (104.0% 6 13.3%, p < 0.001) contact area. Normalized Each author certifies that neither he or she, nor any member of his or her immediate family, has funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Clinical Orthopaedics and Related Research® neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use. Each author certifies that his or her institution approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This work was performed at the Department of Orthopaedic Surgery, NorthShore University HealthSystem, Evanston, IL, USA. Copyright Ó 2018 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.
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contact area with further superior leaf resection (52.1% 6 16.7%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than horizontal cleavage tear (101.8% 6 7.2%, p < 0.001) contact area; and smaller than repaired horizontal tear (104.0% 6 13.3%, p < 0.001) contact area. At 60°flexion, contact area with both leaf resection (52.1% 6 16.7%) was smaller than that with inferior leaf resection (76.1% 6 14.8%, p = 0.039). At 0°knee flexion, peak pressure increased to 127.0% 6 22.1% with inferior leaf resection (p = 0.026) and to 138.6% 6 24.3% with further superior leaf resection (p = 0.002) compared with that at the intact condition (100% 6 0.0%). At 60°flexion, compared with that at the intact condition (100% 6 0.0%), peak pressure increased to 139% 6 33.6% with inferior leaf resection (p = 0.035) and to 155.5% 6 34.7% (p = 0.004) with further superior leaf resection. Conclusions Resection of the inferior leaf or both leaves of the lateral meniscus after a horizontal cleavage tear resulted in decreased contact area and increased peak contact pressure at 0°and 60°knee flexion. Clinical Relevance In vitro resection of one or both leaves of a horizontal cleavage tear of the lateral meniscus causes increases in peak pressure, consistent with other types of partial meniscectomies associated in a clinical setting with excessive loading and damage to knee cartilage. Clinical outcomes in patients undergoing partial leaf meniscectomy could confirm this theory. Avoidance of resection may be relatively beneficial for long-term function. The findings of this in vitro study lend biomechanical support for nonoperative management.
Introduction
The knee menisci facilitate knee function through hoop stress distribution and load-sharing. The medial and lateral menisci are known to decrease peak contact pressure by increasing contact area in the tibiofemoral joint of the human knee [8] . A tear in the meniscus can cause symptoms of catching, locking, effusion, stiffness, and pain at the knee. Arthroscopy, with partial meniscectomy, often is performed for pain relief when nonoperative treatment fails, although this practice has been broadly called into question [12, 40, 43, 45] . Partial meniscectomy is one of the most commonly performed orthopaedic procedures in the United States [20] . However, even partial meniscectomies have been associated with the development of osteoarthritis and future knee surgeries [27] . Fairbank first noted an increased incidence of degenerative changes on knee radiographs after meniscectomy. This has been confirmed in multiple clinical studies [34] . Several in vitro studies since have scrutinized the biomechanical consequences of sequential partial radial or segmental meniscectomies that disrupt the circumferential fibers of the meniscus. These include increased peak contact stresses in proportion to the amount of meniscus removed [31] , decreased contact area and increased pressure in partial meniscectomies for complete radial tears [10] , and a decrease in contact pressure when such tears were repaired [33] .
However, these studies almost exclusively focused on tears that disrupt the circumferential fibers of the meniscus. Horizontal cleavage tears of the meniscus are most common in the medial meniscus, but also occur in the lateral meniscus [11, 26, 32, 35] . Horizontal cleavage tears in either compartment can cause symptomatic meniscal cysts [13, 18, 25, 42] . It is unknown what effect a horizontal cleavage tear or partial resection of the tear will have on contact mechanics of the lateral meniscus; in particular, given the different morphologic features of the lateral tibial plateau and larger amount of translation of the lateral meniscus, we wondered whether the biomechanics of lateral horizontal cleavage tears would differ from those reported in medial horizontal cleavage tears [30] .
The purpose of our study was to explore the effect of horizontal cleavage tears and common treatments of these tears in the lateral meniscus on the tibiofemoral contact mechanics. We asked whether (1) a horizontal cleavage tear of the lateral meniscus, resection of the inferior leaf, and resection of the inferior and superior leaf would decrease contact area and (2) whether a horizontal cleavage tear of the lateral meniscus, resection of the inferior leaf, and resection of the inferior and superior leaf would increase peak contact pressure.
Materials and Methods
Eleven fresh-frozen cadaveric knees without visible cartilage damage were selected for testing, consisting of specimens from seven males and four females ranging from 54 to 65 years of age. The knees were thawed and inspected through a small arthrotomy for any signs of arthritis, meniscus, ligamentous, or other structural damage. The study was powered after performing pilot studies and our familiarity with anticipated changes in biomechanical parameters based on our previous biomechanical study of medial horizontal cleavage tears by Koh et al. [30] and other studies evaluating lateral-side meniscus tears of different geometries by Ode et al. [33] . The knees were stripped of surrounding musculature, including the extensor mechanism, while preserving the posterior meniscocapsular attachment and the supportive ligaments (Fig. 1A) .
A peripatellar longitudinal incision was made anteriorly to gain exposure to the joint, and the soft tissue surrounding the joint was elevated subperiosteally with an elevator to Volume 476, Number 11 Treatment of the Lateral Meniscus 2263 expose the femur and tibia while preserving both menisci along with the ACL, PCL, medial collateral ligament (MCL), and lateral collateral ligament (LCL). Submeniscal capsulotomies were made anteriorly and posteriorly to allow the pressure sensors to be placed in the medial and lateral compartments. Submeniscal capsulotomies and pressure sensor placement were similar to the method used by Lee et al. [31] . The femur and tibia were cut 15 cm distal to the joint line to fit in the testing jig. Then an oblique lateral femoral condyle osteotomy was performed by cutting from the posterior aspect of the condyle to the anterior using a standard saw blade, similar to the technique reported by Dienst et al. [16] . This osteotomy allowed access to the meniscus while preserving the ACL, PCL, MCL, and LCL. The osteotomy cut was away from the weightbearing area used in our study to maintain an undisturbed tibiofemoral contact surface. The osteotomy was rigidly fixed using two screws placed perpendicular to the osteotomy. Then a 6.5-mm suspensory rod was inserted through the epicondylar axis to allow axial compressive loading to the tibiofemoral joint ( Fig. 2 ). Powered by a servomotor (Goldline ® Model MT306A1; Kollmorgen, Radford, VA, USA), a linear actuator was used to load the tibiofemoral joint from above through a force sensor ( Fig. 2A) . The actuator loaded the two loading rods on the medial and lateral sides of the knee (Fig. 2B) . A rod connecting the femur to a side frame (Fig. 2C ) was adjusted to set the knee flexion angle. The actuator loaded the two loading rods, which in turn pushed down the transepicondylar rod (Fig. 2D ) to load the knee compressively with tibiofemoral contact pressure measured by a Tekscan ® pressure sensor (Tekscan, South Boston, MA, USA) (Fig.  2E) . The tibia was fixed in an aluminum cylinder by multiple rows of sharpened screws, fixing the tibia radially at multiple levels and in multiple directions (Fig. 2F) . The cylinder was able to slide in the AP and mediolateral directions freely and rotate axially, as indicated by the arrows (Fig. 2) . The two loading rods can be adjusted individually in the AP and vertical directions to load the medial and lateral tibiofemoral compartments equally.
The knees were tested under 10 different conditions and kept moist with saline during testing. Each knee was tested following five serial posterior lateral meniscectomy conditions (intact, horizontal cleavage tear, repaired horizontal tear, inferior leaf resection, both leaf resections) at two flexion angles (0°and 60°). The tears were created from the undersurface to the meniscal rim, consistent with tear patterns clinically observed and reported [23, 29] . A compressive axial load was applied by a linear actuator onto the tibial plateau at 2 mm per second until reaching 800 N and then maintained at the force level [30] . The 0°and 60°knee flexion angles were chosen as representative knee positions in the extended and flexed positions [33] . Each knee underwent testing using a custom mechanical testing jig and knee pressure sensor (Tekscan Model 4000, 1500 psi, 572 sensels) to measure the contact area and contact pressure. With the anterior and posterior ends of the sensor attached to the anterior and posterior leg, respectively, Tekscan sensors were secured in the tibiofemoral joint under the loading pressure and remained in place with respect to the tibial plateau during testing. The Tekscan knee pressure sensors were calibrated between every two consecutive conditions using a two-point calibration curve at 180-and 800-N loadings to ensure accurate sensor performance throughout testing.
Testing Conditions
Condition 1: The intact meniscus was tested at 0°and 60°k nee flexion as confirmed by a goniometer (Fig. 1A) . Condition 2: A horizontal cleavage tear was created 1 cm away from the lateral root extending around to its attachment to the anterior horn using a No. 11 blade scalpel, creating a 50% horizontal cleavage tear extending the entire lateral meniscus. Condition 3: The tear was repaired with No. 2-0 high-strength polyethylene suture (FiberWire ® ; Arthrex, Naples, FL, USA) with an open inside-out meniscal repair technique using four vertical mattress stitches spread approximately 8 mm apart (Fig. 1B) [14] . Condition 4: The inferior leaf was resected using an arthroscopic biter down to the capsular edge until the entire inferior free flap was resected similar to an arthroscopic resection of the inferior leaf (Fig. 1C) . Condition 5: The superior leaf then was sacrificed using an arthroscopic biter at the edge leaving behind a rim of meniscocapsular junction, creating the equivalent of an arthroscopic posterior lateral meniscectomy (Fig. 1D) .
Statistical Analysis
Two-way repeated-measures analysis of variance (ANOVA) with a p value < 0.05 was used to analyze main effects of each of the two independent variables, the knee flexion angle and the meniscal condition, on the contact pressure and contact area normalized to the corresponding intact condition and reported in percentage and any interaction between the independent variables. If the data did not satisfy Mauchly's test of sphericity, GreenhouseGeisser test was done to determine significance [21] . Oneway repeated-measures ANOVA with a p value < 0.05 was used to compare the effects of the meniscal conditions on the contact area and peak pressure normalized to the intact condition at each knee flexion angle. Post hoc analysis with Bonferroni correction was used in subsequent multiple comparisons. All statistical analyses were performed using SPSS Statistics Version 22.0 (IBM Corporation, Armonk, NY, USA).
Results
An inverse relationship was qualitatively observed between the peak pressure and contact area among the testing conditions (Fig. 3) .
Contact Area
Two-way repeated-measures ANOVA showed that the normalized contact area was mainly affected by the meniscal condition (p < 0.001) and knee flexion angle (p = 0.016). The contact area decreased from intact/tear/repair conditions to partial/full meniscectomy conditions, and the contact area increased from 0°to 60°knee flexion angle (Fig. 4) .
At 0°knee flexion, normalized contact area with inferior leaf resection (65.4% 6 14.1%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than horizontal cleavage tear (94.1% 6 5.8%, p = 0.001) contact area; and smaller than repaired horizontal tear (92.8% 6 8.2%, p = 0.001) contact area. Normalized contact area with further superior leaf resection (50.5% 6 7.3%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than that with horizontal cleavage tear (94.1% 6 5.8%, p < 0.001); and smaller than that with repaired horizontal tear (92.8% 6 8.2%, p < 0.001). At 60°knee flexion, normalized contact area with inferior leaf resection (76.1% 6 14.8%) was smaller than that at the intact condition (100% 6 0.0%, p = 0.004); smaller than that with horizontal cleavage tear (101.8% 6 7.2%, p = 0.006); and smaller than that with repaired horizontal tear (104.0% 6 13.3%, p < 0.001). Normalized contact area with further superior leaf resection (52.1% 6 16.7%) was smaller than that at the intact condition (100% 6 0.0%, p < 0.001); smaller than that with horizontal cleavage tear (101.8% 6 7.2%, p < 0.001); and smaller than that with repaired horizontal tear (104.0% 6 13.3%, p < 0.001). No difference in contact area was found from the inferior leaf resection (65.4% 6 14.1%) to subsequent superior leaf resection (50.5% 6 7.3%) at 0°knee flexion (p = 0.080) given the numbers available. However, at 60°knee flexion, the normalized contact area with both leaf resection (52.1% 6 16.7%) was smaller than that with inferior leaf resection (76.1% 6 14.8%, p = 0.039), indicating the large decrease in contact area from partial to full meniscectomy (Fig. 4) .
Peak Contact Pressure
The statistical results showed that there was no main effect of knee flexion angle on the peak contact pressure (p = 0.113), but there was a main effect of meniscal condition (p < 0.001), increasing from intact/tear/repair conditions to partial/full meniscectomy conditions (Fig. 5) .
At 0°knee flexion, the normalized peak pressure increased to 127.0% 6 22.1% with inferior leaf resection (p = 0.026) and to 138.6% 6 24.3% with further superior leaf resection (p = 0.002) compared with that at the intact condition (100% 6 0.0%). At 60°flexion, compared with that at the intact condition (100% 6 0.0%), the normalized peak pressure increased to 139% 6 33.6% with inferior leaf resection (p = 0.035) and to 155.5% 6 34.7% (p = 0.004) with further superior leaf resection (Fig. 5) . No difference in the normalized peak pressure was found between the inferior leaf resection (127.0% 6 22.1%) and subsequent both leaf resection (138.6% 6 24.3%) at 0°knee flexion (p = 0.333) and similarly at 60°knee flexion with 137.9% 633.6% at inferior leaf resection and 155.5% 6 34.7% at both leaf resection (p = 0.130).
Discussion
The lateral meniscus plays a key role in reducing articular contact pressures in the tibiofemoral joint. Although lateral meniscus tears are not as common as medial meniscus tears, they may have substantial effects on the joint owing to the lateral meniscus having increased mobility, causing tears to be symptomatic [15] . In young patients, lateral horizontal cleavage tears represent 25% of lateral tears [41] . Partial meniscectomy has been commonly performed for these tears; however, it is unclear what the biomechanical effects of tears and single leaf resection are, and clinically lateral meniscectomy is associated with arthritis [25] . This study was conducted to explore the impact of horizontal cleavage tears of the lateral meniscus and surgical treatment on knee biomechanics. Although several clinical studies have recently shown partial meniscectomies provide no substantive benefit over nonoperative [45] or sham treatment [40] , none have studied the precise impacts this procedure has on contact area and peak contact pressure. This study found that with resection of one or both leaves of a horizontal cleavage tear, contact area became smaller as peak contact pressure rose to levels that are similar to other meniscectomies [6, 31, 33, 34] that are associated with knee arthritis. This suggests that clinically, partial meniscectomies of horizontal cleavage tears may result in alterations of knee biomechanics of a magnitude that can lead to subsequent knee damage.
This study has limitations. Although this study gives insight into the value of maintaining meniscal tissue, we recognize that this model may not completely resemble in vivo conditions. This is because the study was completed in a cadaveric model and the tear was created with a blade, making it smooth as opposed to the rough and often frayed edges seen in in vivo horizontal meniscus tears. We felt that it was important to have consistency in tear creation to eliminate variability of tear configuration confounding our results. During the axial compressive loading, the two leaves supported the loading together, resulting in similar contact mechanics as the intact state. However, in dynamic walking involving rotation and sliding, there could be differences between the two conditions. Given the already complex testing, we accepted the simplification inherent in a static loading condition. In this study, the soft tissue and patella were removed from the tibiofemoral joint, which affected the physiological accuracy of biomechanical analysis. Additionally, the testing rig applied the same pressure for every knee and was done under static loading conditions as opposed to a more accurate dynamic loading condition. Although static loading effectively investigates the contact area and pressure distributions of the tibiofemoral surface, catching or other common tear symptoms cannot be observed.
The current study examined the effects of a lateral meniscus horizontal cleavage tear, repair of the tear, resection of the inferior leaf, and resection of the superior leaf on contact area. We found that there was no change in contact area in the horizontal cleavage tear state; however, Arno et al. [4] did observe a decrease in contact area in the medial meniscus from horizontal cleavage tears. This difference likely arises because the lateral tibial plateau is typically more convex and smaller compared with the medial tibial plateau, leading to different contact mechanics. The meniscal repair did not show changes in contact area compared with the tear state. This may be because in horizontal cleavage tears, circumferential fibers of the meniscus remain largely intact and in continuity with their bony attachment (unlike radial, segmental, or root tears) and can transform compressive force into hoop stress. With further meniscectomy, the inferior leaf resection caused a decrease in contact area at 0°and 60°flexion. This coincides with the findings of others on partial radial or segmental meniscectomies in the medial and lateral menisci, but to our knowledge, our study was the only study to examine specifically horizontal cleavage tears in the lateral meniscus [3, 22, 23, 36] . With further meniscectomy, the superior leaf resection furthered the negative effects on contact area. Nearly half of the initial contact area was lost compared with intact conditions. Similar results were seen in studies in which meniscectomies were performed on radial meniscal tears [7, 9, 33] . This study also examined the impact of a horizontal cleavage tear, repair, resection of the inferior leaf, and resection of the inferior and superior leaf on peak contact pressure. We found no change in peak contact pressure among the horizontal cleavage tear state, repaired state, and the intact state. Sallé de Chou et al. [37] investigated open medial and lateral horizontal cleavage tear repairs in young patients and reported good short-and long-term results with mean Lysholm scores of 90 and 99 in the two cohorts. Additionally, Ahn et al. [1] investigated horizontal cleavage tear repairs with a marrow-stimulating technique and found partial to full healing in most patients with Lysholm scores increasing from 48 to 92 and Tegner activity level improving from 3.3 to 6.8. Others have reported improvement in functional scores and quality scores in addition to arthroscopically verified healing after lateral horizontal cleavage tear repair with fibrin clot [38, 41] . Kamimura and Kimura [28] studied the repair of horizontal cleavage tears using exogenous fibrin clots as a scaffold in both the medial and lateral meniscus and showed improved functional score and quality of life by restoring the form of the meniscus close to the anatomic structure.
After resection of the inferior leaf of the horizontal cleavage tear, an increase in contact pressure was seen at 0°and 60°flexion. This is similar to the results found by investigators on the effects of other types of partial meniscectomies of different geometries, in which partial radial or segmental meniscectomies were performed. This was also consistent with our previous work on resection of horizontal cleavage tears of the medial meniscus [30] . It is known that increasing the peak contact pressures in the tibiofemoral joint can lead to chondral degeneration and ultimately osteoarthritis [3, 44] . The magnitude of the increased peak contact pressures is consistent with other partial meniscectomies [31] or meniscal root tears [2] , which have been clinically associated with arthritis [17] . With further meniscectomy of the superior leaf, there were greater negative effects, increasing joint contact pressure. The peak pressures were 1.5 times higher than at intact conditions, consistent with results from Arno et al. [4] and Prince et al. [36] . These changes in tibiofemoral contact mechanics are likely to influence the development of arthritis and have been seen in many long-term meniscectomy studies [3, 19, 38] .
The negative changes in the contact mechanics of the lateral tibiofemoral joint observed in this in vitro study suggest that meniscectomy should not be the first option when treating a meniscus tear. Yim et al. [45] performed a study comparing partial meniscectomies with nonoperative treatment methods and found no differences between the two groups in visual analog scale scores, Lysholm scores, Tegner activity scales, or subjective satisfaction. Other studies have shown similar results [5, 39] . Taken together, the reported clinical lack of efficacy and the adverse biomechanical effects found in this study support avoiding partial meniscectomy in younger patients with minimal meniscal degradation to best maintain normal contact mechanics of the knee. Good functional outcomes have been observed with repair [24, 37] . This study provides more support that nonoperative treatment could be considered before performing a meniscectomy to maintain tibiofemoral contact mechanics. When performing a meniscectomy, it is best to preserve as much of the intact meniscus to maintain the physiological contact mechanics. In our study, the biomechanical consequences of even a partial meniscectomy of the inferior leaf were substantial and could have serious consequences for the health of the articular cartilage of the knee. This is particularly concerning because in young athletes, horizontal cleavage tears comprise up to 25% of lateral meniscal tears [41] , and lateral meniscectomies in this age group can have substantial longer term consequences of arthritis. Resection of one or both leaves of a horizontal cleavage tear of the lateral meniscus caused decreases in contact area and increases in peak pressure. Avoidance of resection and performing meniscal repair may help maintain the contact area and avoid an increase in peak pressure.
